Inhibition of N-methyl-D-aspartate (NMDA) receptors has been viewed as a primary cause of xenon anesthesia, yet the mechanism is unclear. Here, we investigated interactions between xenon and the ligand-binding domain (LBD) of a NMDA receptor and examined xenon-induced structural and dynamical changes that are relevant to functional changes of the NMDA receptor. Several comparative molecular dynamics simulations were performed on two X-ray structures representing the open-and closed-cleft LBD of the NMDA receptor. We identified plausible xenon action sites in the LBD, including those nearby agonist sites, in the hinge region, and at the interface between two subunits. The xenon-binding energy varies from -5.3 to -0.7 kcal/mol. Xenon's effect on the NMDA receptor is conformation-dependent and is produced through both competitive and noncompetitive mechanisms. Xenon can promote cleft opening in the absence of agonists and consequently stabilizes the closed channel. Xenon can also bind at the interface of two subunits, alter the intersubunit interaction, and lead to a reduction of the distance between two GT linkers. This reduction corresponds to a rearrangement of the channel toward a direction of pore size decreasing, implying a closed or desensitized channel. In addition to these noncompetitive actions, xenon was found to weaken the glutamate binding, which could lead to low agonist efficacy and appear as competitive inhibition.
Introduction
Xenon, an inert gas, can produce general anesthesia. NMethyl-D-aspartate (NMDA) receptors have been recognized as major molecular targets in xenon anesthesia on the basis of potent xenon inhibition of these receptors. 1, 2 Despite the evidence of xenon action on NMDA receptors, the mechanism of action is still under debate. One speculation was that xenon disrupted normal function of the NMDA receptors by blocking their channels, 3 but many experiments suggest that xenon does not act as a classical open-channel blocker at the NMDA receptor. 4, 5 A competitive mechanism of xenon action was also proposed based on the data of molecular modeling and electrophysiology measurements. 6 Although the competition of xenon with glycine for the agonist binding site was considered as a major cause of inhibition on NMDA receptors, the possibility of noncompetitive xenon inhibition was not excluded. 6 A more comprehensive understanding on how xenon modulates NMDA receptors is desired.
Biological functions of NMDA receptors are far beyond being the molecular targets of xenon. They play critical roles in synaptic plasticity and memory function. 7, 8 Dysfunction of NMDA receptors has been linked to excitotoxity and neurological disorders, such as epilepsy, schizophrenia, and Parkinson's and Huntington's diseases. 9 NMDA receptors are heterotetrameric cation channels, mostly composed by NR1 and NR2 subunits. Each subunit has an extracellular amino-terminal domain (ATD) and ligand-binding domain (LBD), three transmembrane (TM1, TM2, and TM3) segments, a P loop, and an intracellular C-terminus domain (CTD). The segments S1 and S2 in LBD form a venus-flytrap structure and define the region for agonist recognition. In an intact NMDA receptor, S1 connects to TM1, while S2 links TM2 and TM3 on its two ends (see Figure S1 in the Supporting Information). Simultaneous binding of neurotransmitters glycine and glutamate to the respective of NR1 and NR2 is required for activation of NMDA receptors. The S1S2 cleft is closed upon agonist binding and results in ion channel opening. The whole process can go to the opposite direction upon the binding of antagonists. 10 At present, there are only a limited number of high-resolution structures for certain parts of the receptor, such as ATD and LBD. The crystal structures of LBD and its complexes with an agonist or an antagonist provide an excellent base to reveal the underlying cause of xenon inhibition.
Several critical issues have been addressed in our study. Where does xenon interact with the LBD? How differently does xenon interact with the open-and closed-cleft LBDs? Does xenon compete with agonist binding? What mechanisms can account for noncompetitive inhibition? To answer these questions, we performed multiple parallel MD simulations on the X-ray structures of the open-(PDB code: 1PBQ) and closedcleft (PDB code: 2A5T) LBDs in the absence and presence of xenon. We found that xenon could weaken the agonist binding to some extent, but it imposes more profound effects via a noncompetitive manner on the LBD in different S1S2 cleft conformations. In the open-cleft conformation, where the native agonists were absent, xenon enhanced the cleft opening in LBD and virtually stabilized the closed-channel conformation. In the closed-cleft conformation, xenon was found residing at the interface of two subunits. Xenon-induced disturbance to the interplay between the adjacent subunits was able to inhibit the channel opening. Collectively, the study has offered many molecular details to formulate a mechanistic explanation for xenon inhibition on NMDA receptors.
Methods
All MD simulations were performed using NAMD2. 6 11 with CHARMM27 12 force field parameters at Pittsburgh Supercomputer Center. The xenon parameter published by Verlet and Weis 13 was used. Two X-ray structures of the NMDA receptor were chosen to represent the open-cleft (PDB codes: 1PBQ) and closed-cleft (PDB codes: 2A5T) conformations. 1PBQ contains two NR1 subunits (referred here as NR1A and NR1B); 10 the antagonist DCKA was removed in the simulations. 2A5T is a dimer consisting of one glycine-bound NR1 subunit and one glutamate-bound NR2 subunit. 14 The missing residues within the loop regions were patched using MODELLER. 15 In this study, the open or closed system refers to the conformation of the S1S2 cleft rather than the ion channel. Initial xenon locations were decided based on the results from docking using Autodock4.0 16 and a previous study. 6 Besides the LBD of the NMDA receptor, the open system had 18929 TIP3P water, 50 Na + and 54 Cl -, and the closed system had 18135 TIP3P water molecules along with 49 Na + and 51 Cl Xenon-binding energies were calculated using free energy perturbation (FEP) method 17, 18 implemented in NAMD2.6. 11 The coordinates and velocities at the end of 20 ns simulations in the presence of xenon were used for the FEP calculations. For each binding site, xenon atom was gradually annihilated with λ decreased from 1 (fully interaction) to 0 (no interaction). The decrement step was 0.025 for λ in the ranges of 1-0.8 or 0.2-0, and 0.05 otherwise. There were 28 separate λ windows for each calculation. With a 2 fs time step, each window underwent 10 ps equilibration followed by 100 ps data collection. To avoid the end point catastrophes resulting from annihilation of xenon atom, a radius-shifting coefficient of 4.0 Å 2 was used, and electrostatics scaled linearly with λ ranging from 1 to 0.5, while it was completely turned off for λ less than 0.5. The same FEP calculation was performed on xenon atom in a water box. The calculated binding energies resulted from subtracting the FEP calculation in the protein from the one in water. A considerable artifact induced by the net charge on the glutamate ligand in FEP calculations prohibited the use of the same method for calculating ligand-binding energies. Thus, the binding energies for two ligands (glycine and glutamate) were estimated using Autodock4.0. 16 Domain-1 and Domain-2 ( Figure 4A and Figure S1 ) are named following the convention used in the literature. 10 The domain closure was defined in Figure 4A by the angle between Domain-1 and Domain-2. Only the helical regions of Domain-1 and the whole Domain-2 were used for measurements of domain closure.
The normalized water exchange rate surrounding a xenon atom, R ex , was calculated by where T is the total time considered, A is the surface area of a 5 Å radius sphere, N A and N B are the total number of different water molecules over T and the average number of water molecules at each time frame within 5 Å of the xenon atom, respectively.
Root mean square fluctuation (RMSF) was used to measure the protein flexibility for the fast motions during the simulation. Gaussian network model (GNM) 19, 20 was used to evaluate the protein flexibility for the slow global dynamics in which each residue was represented by the CR atom and a 10 Å cutoff was chosen to build the contact matrix. Only the three slowest GNM modes for the structures after 20 ns MD simulations were included in the mean square fluctuation (MSF) analysis.
Results and Discussion
Xenon Binding in LBD of the NMDA Receptor. The closed-cleft system seemed to have more stable xenon-binding sites. Over the course of 20 ns simulation, Xe-5 open and Xe-6 open in NR1B moved within the cleft between Domain-1 and Domain-2, but the rest four xenon atoms originally in the opencleft LBD migrated into water (see Figure S2 ). In contrast, four out of seven xenon atoms stayed inside of the closed-cleft LBD of the NMDA receptor during the entire simulation. As shown in Figure 1 , Xe-4 closed and Xe-5 closed were nearby the glutamate 
agonist and glycine coagonist, respectively. Xe-1 closed was within the NR1 subunit and Xe-6 closed resided at the interface of NR1 and NR2. Their displacements over the 20 ns simulation were much smaller than those by Xe-5 open and Xe-6 open (see Figure  S3 ), suggesting more favorable xenon binding in the closedcleft structure. Figure 2 . Besides the enthalpy difference, entropy effect can also contribute to their 4.65 kcal/mol binding energy difference. A large volume allows more translational degree of freedom. This contribution, however, can only account for ∼1 kcal/mol gain, estimated by -RT ln(V 1 /V 2 ). Another entropy contribution to higher binding affinity for Xe-4 closed likely resulted from the increased side-chains flexibility of the surrounding residues in the presence of xenon. The trajectories of Xe-4 closed annihilation in the FEP calculation indeed revealed that number of hydrogen bonds in the cavity was reduced considerably when the interaction of Xe-4 closed with its surrounding was fully counted. Several snapshots displayed in Figure 3 demonstrate the loss of hydrogen bonding in the presence of Xe-4 closed . Conversely, Xe-5 closed was unable to receive such an entropy gain to its binding energy, considering that the size of the cavity for Xe-5 closed is about the same as the volume of a single xenon atom (∼45 Å 3 ). In other words, Xe-5 closed has a less chance to modify the surrounding residues' flexibility, being trapped within a confined region. Clearly, entropy can play an important role in xenon binding in addition to the Van der Waals interaction.
Xenon binding sites are largely amphiphilic. Water molecules could be found nearby all the xenon binding sites, such as that shown in Figure 3 . Two quantities were examined for quantifying local water effect on xenon binding. One was the tendency of water exchange at xenon binding sites by calculating total number of water molecules encountered within 5 Å of a xenon atom over the course of last 5 ns simulation. Another was the hydration level of individual xenon site by calculating the average number of water molecules within 5 Å of a xenon atom in each time frame during the simulation. The ratio of these two quantities normalized by time and the surface area of 5 Å sphere, as defined in eq 1, provided a water exchange rate. A lower exchange rate often corresponded to a more confined environment with less exposure to bulk water. It appeared that the calculated xenon binding energies had a good correlation with the normalized water exchange rates (see Figure S4 ). More stable binding was found for xenon in an environment where water had less exchange. Snapshots from the FEP calculation when the interaction of Xe-4 closed (green sphere) with its surrounding was completely annihilated (A); partially annihilated (B); and fully included (C). The more the xenon interactions are included, the less hydrogen bonding (black dash line) around the glutamate (colored by atom type in transparent surface). All the residues within 5 Å away from glutamate are shown in stick. In the FEP calculation, a xenon atom is annihilated gradually, which leads to the xenon atom migrating out its original site (A) due to the disappearing interaction with other atoms. To evaluate the change of the original site in this process, we picked the relative stable glutamate, ∼3 Å to Xe-4 closed in (C), as the reference of this site.
In the crystal structure of the closed-cleft LBD, the number of water molecules next to the agonist glutamate and glycine was 8 and 2, respectively. A similar water distribution was observed in the simulation. Average number of water molecules around Xe-4 closed (adjacent to the glutamate coagonist) was also about 4 times as that around Xe-5 closed (nearby the glycine agonist). In comparison to the glycine-bound NR1, the glutamatebound NR2 subunit has a larger pocket with more water in the cleft. However, more water did not mean more water exchange. Indeed, most water molecules around the Xe-4 closed site were trapped in the pocket.
Xenon Enhanced the Cleft Opening in the Open-Cleft Conformation. Change in the openness of the S1S2 cleft is a key element for the channel status of NMDA receptors. 10 Antagonists, such as DCKA, prevent the S1S2 cleft from closing and lead to a subsequent closed channel. Conversely, binding to agonists, such as glycine and glutamate, closes the S1S2 cleft and induces the ion channel opening. To evaluate if xenon affects the S1S2 cleft openness, we compared the domain closure of the open-and closed-cleft systems in the absence or presence of xenon at the beginning and in the end of 20 ns MD simulations (Figure 4) . The domain closure was measured by the angle between two vectors, one vector pointing to the center of Domain-2, the other pointing toward the center of all the helices in Domain-1, and both originating from the hinge of S1S2 cleft, as illustrated in Figure 4A . Clearly, xenon had no significant effect on the domain closure of the NR1 and NR2 subunits in the closed-cleft conformation. In over 20 ns simulations in the absence or presence of xenon, both subunits remained with their domain closure of ∼115 and ∼127°, respectively. Conversely, the open-cleft conformation of NR1A or NR1B experienced additional ∼10°openness in the presence of xenon compared to that in the control system for the last 5 ns simulations ( Figure 4B ).
More profound xenon effect on the open-cleft conformation was seemingly unexpected, given that there was fewer number of xenon binding in the open-cleft conformation. However, the susceptibility to xenon perturbation may be determined by the intrinsic dynamical property of a protein conformation. RMSF of the CR atoms were calculated for the last 5 ns simulations of both the open-and closed-cleft control systems, showing an overall larger RMSF in the open than the closed system. MSF of three lowest modes of GNM was also obtained for all the systems to assess the slower motion of the protein, revealing more dynamical regions in the open conformation than the closed one (see Figure S5 ). Taken together, the open-cleft conformation is more flexible and its intrinsic flexibility has made the open-cleft conformation more susceptible to xenon perturbation. In the closed-cleft conformation, residues in the flexible regions often experienced more profound motional changes in the presence of xenon. As shown in Figure 5 , residues in loop 1 and loop 2 changed more significantly in their RMSF and MSF than residues in a more rigid region. The agonist binding at the cleft made the hinge region inflexible and xenon had no visible impact to the cleft openness. On the other hand, because of intrinsic higher flexibility in the open-cleft system, even transient xenon interactions (lasted only ∼6 ns) with the S1S2 cleft promoted the domain opening ( Figure 4B ). Apparently, xenon with a low affinity yet high mobility could induce a profound change in protein conformation as long as the protein is flexible enough for the change. The openness of the S1S2 cleft enhanced by xenon in the open-cleft conformation virtually promotes the channel to remain closed and affects the channel conductance.
Xenon Inhibition to the Closed-Cleft Conformation. Although xenon did not produce obvious effects on the openness of the closed-cleft conformation, it might be able to change the function of NMDA receptors via two pathways, altering the binding of native agonists in LBD and interfering the interaction between NR1 and NR2 subunits.
The respective binding energies for glutamate and glycine agonists were -8.87 and -5.64 kcal/mol in the control system and -6.02 and -6.29 kcal/mol in the presence of xenon. These computed energy values were comparable to the experimental measurements, -7.46 kcal/mol for glutamate 22, 23 and -8.79 kcal/mol for glycine, 24 considering a potential ∼2 to 3 kcal/ mol error of AutoDock calculation. 25, 26 Although it may not be meaningful to compare differences within the standard deviation, the relative comparison for two highly similar systems still provides some useful information, such as in our case for the same ligand in the highly resembled protein conformations in the presence and absence of xenon. The binding energy for the glycine agonist in the system with xenon was similar to that in the control system (-6.29 vs -5.64 kcal/mol), indicating that Xe-5 closed adjacent to the glycine agonist had no strong impact to the agonist binding. This seems to be a good example that xenon does not act as a competitive antagonist for channel inhibition. However, a binding energy increase of 2.85 kcal/ mol for the glutamate coagonist near Xe-4 closed (-6.02 vs -8.87 kcal/mol) sent a different message. A significant loss of hydrogen bonding around glutamate in the presence of Xe-4 closed ( Figure 3 ) also suggested that xenon could weaken the agonist binding. Nevertheless, neither glycine nor glutamate had sizable displacement from their initial locations over the 20 ns simulation. Taken together, xenon nearby the agonists can perturb the agonist binding to some degrees, but it is probably not strong enough to replace the agonists from their binding sites.
Xenon (Xe-6 closed ) modulation at the interface between NR1 and NR2 subunits of the closed-cleft conformation is another possible mechanism accounting for xenon inhibition. A kinetics study has shown that coupling between the two subunits is vital in the channel gating of NMDA receptors. 27 Such a coupling can be measured by the distance between GT linkers of two subunits, as depicted in Figure 6 . In an intact receptor, a GT linker is where S1 and S2 segments are respectively linked to the TM1 and TM2 domains in a subunit (see Figure S1) . A recent experimental study on a glutamate receptor compellingly showed that the dimer rearrangement in the LBD from a nondesensitized state to a desensitized state correlated with an ∼10 Å reduction in the GT linkers' distance. 28 Thus, the distance between the GT linkers of two subunits gives a measure on the channel state. A shorter distance correlates with a tendency of the channel shifting to the closed or desensitized state. Figure  6 shows that the distance between two GT linkers in the closedcleft conformation is ∼5 Å shorter in the xenon system than in the control system. How did Xe-6 closed at the interface contribute to this change? In the control system, NR1 hinge region interacted with NR2 K-helix through the salt bridge between R247 in NR1 and E274 in NR2. In the presence of Xe-6 closed , this interaction was perturbed and new pairs of salt bridge or hydrogen bonding were formed, including R247 in NR1 paired with E131 at the NR2 and H272 in NR1 paired with Y236 in NR2. The change in the pattern of electrostatic interactions (shown in Supporting Information, Figure S7 ) occurred between ∼5 to 15 ns and was favorable to the intersubunit shear motion such that the GT-linkers' distance was reduced. Changes of interactions at the hinge region, even small, can cause a noticeable change to the tip of the subunit, such as the GT linker. Though Xe-6 closed most likely caused the change of GT-linkers' distance for directly modulating the interaction between two adjacent subunits, we do not exclude the possibility of this change as a result of a collective effect of other xenon atoms. This finding also brought up the importance of appropriately assigned protonation states for the involved residues, which can be explored in future studies. From the experimental point of view, this intersubunit interaction can be examined by mutating the suggested residues or by changing the protonation states under different PH conditions to see whether functioning of this channel is indeed affected.
Conclusions
Our study has revealed molecular details relating to xenon inhibition. These details remain challenging to be illustrated experimentally, but are essential for a mechanistic understanding about xenon inhibition of NMDA receptors. The conclusion of the study is consistent with the previous experimental suggestion 6 that two types of inhibition, competitive and noncompetitive, exist in xenon action on NMDA receptors. In addition, our study has demonstrated that xenon exerts its inhibition effect on open-and closed-cleft LBD in different ways.
For the closed-cleft conformation, xenon is more likely to act in a noncompetitive manner. The evidence of competitive inhibition is rather circuitous than direct. Despite signs of weakening glutamate binding and hydrogen bonding at the agonist site, neither of the two agonists moved away from their binding sites over the simulations. No functional-related conformational change in LBD could be attributed to aforementioned changes in glutamate binding over the 20-ns simulations. In contrast, within the same simulation time, the evidence for noncompetitive xenon inhibition appeared. Our simulations first demonstrated that the channel pore size, proportional to the distance of GT linkers, could be modulated by xenon binding at the interface of two subunits. It appeared that xenon modification of a few pairs of intersubunit hydrogen bonding is likely to lead a measurable change in the NMDA receptor channel.
For the open-cleft LDB, the enlarged cleft opening in the presence of xenon sends at least two messages. First, the profound cleft opening reduces the likelihood for agonist binding and consequently hinders channel activation. Depending on the openness of the LBD cleft, this inhibition can be in either a competitive or noncompetitive manner, as explained in Xenon can also inhibit the channel in a noncompetitive manner by altering the interaction between NR1 and NR2 (not shown here). For LBD without agonists, xenon may promote the cleft opening from O1 to O2 or from O2 to O3. When the S1S2 cleft is widely opened (O3) by xenon, the separation between two domains is too large to allow agonist binding at the hinge region of the S1S2 cleft. This is another format of noncompetitive xenon inhibition. The competitive inhibition can occur between two intermediate states O1 and O2; xenon promotes the transition from O1 to O2, while agonists work in the opposite direction.
